Using a unique 50-year high resolution time series of daily kom-fyke catches, long-term patterns of scyphomedusae in the western Dutch Wadden Sea were analysed and related to changes in environmental conditions [eutrophication in the 1980s-1990s and recent climate change (increased water temperature)] in the area. Over the years, species composition and general pattern of appearance has remained the same: the first species that occurred in spring was Aurelia aurita, followed by Cyanea lamarckii/C. capillata. Chrysaora hysoscella and Rhizostoma octopus occurred from June-July onwards. All species appeared earlier in recent decades and first appearance and peak occurrence of A. aurita was in part inversely related to previous winter seawater temperature. Last occurrence of C. hysoscella was related to summer seawater temperature and the species is present longer in recent decades. Phenological relationships might have been decoupled since the seasonality of the phytoplankton bloom did not change. All species showed large interannual abundance fluctuations, with prolific years followed by sparse years. Peak catches of the coastal species A. aurita occurred in the late 1970s-early 1990s when eutrophication peaked, however, without a significant relationship with total nitrogen input into the area. Unlike for phenology, the patterns of mean abundance of any species did not show a relationship to climate change in the area. This might imply that population regulating mechanisms do not operate during the planktonic phase but during the sessile demersal polyp stages.
Introduction
Studies about jellyfish population dynamics are rare. One reason is their complex life cycle that includes a benthic and a planktonic phase: sexual reproduction produces free-swimming planula larvae that in most species settle as a semi-sessile polyp (scyphistoma). These polyps can form cysts or reproduce asexually by transverse fission and bud off tiny pelagic medusae (known as ephyrae) that grow and ultimately reproduce sexually (Arai, 1997) . For many species, the location of these polyps in the natural environment is unknown. Gelatinous organisms are often fragile and more difficult to sample and preserve than crustaceans and fish (Haddock, 2004) . Furthermore, they tend to occur in patches in the plankton, requiring a high spatial or temporal sampling resolution preferably of large volumes to obtain representative samples of abundance (de Wolf, 1989) .
There is growing concern that gelatinous zooplankton mass occurrences are increasing in magnitude and frequency (Gibbons and Richardson, 2009 ) due to habitat modification, eutrophication, climate change and overfishing (Mills, 2001; Purcell, 2012) . Long-term datasets are essential in determining whether such a worldwide increase in jellyfish biomass does occur (Condon et al., 2012) and if so what the underlying mechanisms might be. However, such time series are scarce: one found an increasing trend in some large marine ecosystems (Brotz et al., 2012) , while in another study oscillations with a period of about 20 years were detected and only a weak increase overall (Condon et al., 2013) . The drivers behind this oscillating global trend are unclear but at least climatic variables seemed to be involved (Goy et al., 1989; Thein et al., 2013) .
Occasionally, fish surveys include some measure of large and conspicuous gelatinous zooplankters and these 'by-catch' datasets have also been used (Hay et al., 1990; Lynam et al., 2011) . A 16-year dataset of by-catches in a fish survey in the Irish Sea showed interannual variability in abundance of the jellyfish of which 68 % could be explained by hydro-climatic variables such as seawater temperature (Lynam et al., 2011) . Other studies have looked at the frequency of nematocyst occurrence in Continuous Plankton Recorder (CPR) samples. Lynam et al. (2011) analysed CPR transect data as well as fish survey catch data from the North Sea and found links of gelatinous zooplankton abundance with inflow of oceanic water and with the North Atlantic Oscillation Index. A problem with CPR data is that the nematocysts are not identified to species or even class level (Haddock et al., 2008) . Nevertheless, two other recent studies using CPR data show that Cnidaria frequency in the North Atlantic was cyclic (Gibbons and Richardson, 2009 ) and has increased in the north-east Atlantic and North Sea (Licandro et al., 2010) since the early 1980s. This increase could not be linked to a single factor; instead both studies suggest that hydro-climatic changes are among the drivers. On the other hand, variation in a 20 year time series of abundance and phenology of Aurelia aurita and Cyanea spp. in Skagerrak could not be explained by environmental factors (Hosia et al., 2014) , despite the fact that experimental data on various North Sea scyphozoan jellyfish indicate that climate warming will benefit certain species (Holst, 2012a) .
In this paper we present the first information on a 50-year time series of scy-phomedusae for the western part of the Wadden Sea, a productive estuarine area of the North Sea bordering the Netherlands, Germany and Denmark. The data originate from an on-going high resolution long-term monitoring programme of daily kom-fyke catches focusing on epibenthic fauna in the western Dutch Wadden Sea (van der Veer et al., 1992; (van der Meer et al., 1995; Campos et al., 2010) . Previous analysis have shown the reliability of these single trap observations in studying long-term trends: similar patterns in catches were found irrespectively of type of fish traps used or of location (Van der Veer et al., 1992; van der Meer et al., 1995) . The aim of the present study is to identify whether phenology and abundance of scyphomedusae in the western Wadden Sea has changed in response to climate change and eutrophication. Long-term trends in abundance, changes in phenology and possible common patterns (i.e. increased blooms) in scyphomedusae are identified and linked to environmental factors such as seasonal seawater temperature and salinity (Van Aken, 2008a,b) and changes in productivity in the area (Philippart et al., 2010) caused by eutrophication in the 1980s-1990s (van Raaphorst and de Jonge, 2004 ). The analysis is based on count data only, similar as the analyses for shrimps by (Campos et al., 2010) . Since methodology, including mesh size, has been similar over the years, the minimum size caught by the kom-fyke will also have been similar over the years and therefore can be used to identify trends in appearance and abundance over time. The results will also be compared with long-term trends found in fish catch data (Van der Veer et al., 2015) .
Methods

Sampling
Kom-fyke
Since 1960, a kom-fyke trap has been operating at the entrance of the Marsdiep basin in the western Dutch Wadden Sea (Fig. 2.1 ). The kom-fyke consists of a 200 m-long and 2 m high leader which starts above the high water mark and ends in two chambers in the subtidal region with a mesh-size of 10 x 10 mm. For more details see Van der Veer et al. (1992) . Fishing normally started in March-April and lasted until October. In winter the trap was removed because of possible damage by ice floes and from 1971 onwards no fishing took place during part of the summer because of fouling of the net and clogging by macroalgae. Fouling of the mesh panels perpendicular to the current direction leads to increased water resistance and hence stress on the wooden poles supporting the panels and to water flowing under the panels which can excavate the supporting poles. Clogging by large numbers of scyphomedusae also sometimes caused problems in summer.
Normally the kom-fyke was emptied every morning, except when bad weather prevented this. Pre-1973 when catches were small, the nets were sometimes emptied on alternate mornings. Here data for the period 1960-2010 were analysed, whereby the following catches were excluded: • a fishing duration longer than 48 h (329 records)
• a fishing duration shorter than 12 h (1 record)
• in case the gear was found to be damaged upon retrieval (loose mesh panels or tears) or clogged with debris (53 records).
In total, 6334 catch records were available for further analysis. All catches were sorted immediately and identified by species. Numbers of each scyphomedusae species were counted. For a detailed description of the method and fishing gear used, see Van der Veer et al. (1992) and van der Meer et al. (1995) .
Plankton net sampling from ships
The impact of the summer interruption in fishing was investigated by comparing the patterns in the kom-fyke jellyfish catches with those of an independent yearround sampling programme for 1982, 1983 and 2009 at nearby stations in the same tidal basin (Fig. 1 ). These time series lasted respectively from FebruaryDecember in 1982, from April-December in 1983 and from January-December in 2009. Oblique hauls were made with plankton nets made of polyamide plankton gauze (Monodur 2000, 2 mm mesh size) with an opening of 0.7 m 2 , a length of 5 m, a porosity of 0.59 and a total surface area of 12 m 2 . All data for all species was averaged per week for both the kom-fyke catches and boat stations and standardised by dividing the density or number by the maximum observed for each species in each year. For more details about these sampling programmes see Van der Veer (1985 ) for 1982 , Kuipers et al. (1990 
Environmental covariates
In addition, abiotic information at different scales was collected:
• Sea surface temperature (SST) and salinity (SSS) near the kom-fyke were obtained from a nearby station (<500 m distance) (Van Aken, 2008a,b) . From these daily SST and SSS data, indexes of seasonal seawater temperature and salinity were derived by calculating the mean SST and SSS for the following months: winter: January, February and March, spring: April, May and June, summer: July, August and September, autumn: October, November and December.
• Nutrient inputs (average per year in mol s −1 ) of total nitrogen (total-N) and total phosphate (total-P) from Lake IJssel into the western Wadden Sea were taken as index of eutrophication of the area (van Raaphorst and de Jonge, 2004 
Data exploration
All data explorations and calculations were carried out in R version 3.0.2 (R Core Team, 2014) . The data were explored following the protocol described by Zuur et al. (2010) . Pairwise scatterplots of seasonal SST, seasonal SSS, total-N input, total-P input and NAOI hinted at collinearity between several covariates, which was confirmed by calculating the Variance Inflation Factors (VIFs) (Montgomery and Peck, 1992) . Total P-input, was dropped because it was collinear with total N-input. Strong collinearity was also found between winter temperature and the NAOI. Previous work has shown that NAOI is correlated with winter sea surface temperature (Van Aken, 2008b) as well as precipitation in the river Rhine basin and consequently salinity in the western Wadden Sea (Van Aken, 2008a) . Hence, the NAOI was excluded from further analyses. All remaining covariates had VIFs smaller than three. Cleveland dotplots revealed that there were no outliers (not shown). Data exploration showed clear differences in variation and timing between the four time series and therefore each species was analysed separately.
Data analysis First appearance
Scatterplots of first occurrence versus time and versus the covariates showed clear non-linear patterns and therefore generalised additive models (GAM) were applied (Wood, 2006) using a Normal distribution with log-link. GAM assume homogeneity, normality and independence of residuals. To verify these assumptions, residuals of the models were inspected for temporal correlation using the autocorrelation function. Normality and homogeneity of variance of the residuals was also verified using histograms and plots of residuals versus fitted values. The GAM were applied with the gam functions in the mgcv package (Wood, 2006) . Plots were created with the ggplot2 package (Wickham, 2009) . For each species, the first day of occurrence in each year was determined. If this was the first day of fishing, that year was excluded from further analysis. To describe long-term changes in first occurrence we hypothesised a series of models (Table 1 ). The first model is a linear model which checks for a possible interaction between temperature and salinity:
The second model M1 hypothesised that winter temperature and salinity have additive effects on the date of first occurrence:
where F t is the date of first occurrence in year t ; t = 1960, ..., 2010. The terms f (T emperature t ) and f (Salinity t ) are smoothing functions of temperature (index of winter seawater temperature) and salinity respectively. The third and fourth model hypothesised that either temperature (M2) or salinity (M3) drives changes in first occurrence, and uses a single smoothing function for this covariate. It may well be that other factors are important and therefore we also considered models of the form:
M 4 :
In this case f (Y ear) is a smoother of time and represents the long-term trend in the data (model M4). Cross-validation was used to estimate the optimal amount of smoothing and a thin-plate regression spline was applied (Wood, 2006) . The residual terms t were assumed to be normally distributed and to have mean 0 and variance σ 2 . All models were fitted and compared with each other using the corrected Akaike's Information Criterion (AICc) (Burnham and Anderson, 2002) . The models were also compared with linear regression models fitted using the same covariates.
Peak occurrence
For each species in each year the day on which the highest number of medusae were caught was assumed to be the day of peak occurrence. To describe longterm changes in the timing of peak occurrence we repeated the analysis of first occurrence with the same models with F t now being the date of peak occurrence in year t for each species.
Last occurrence
For each species in each year the day of the year on which the last medusae of a species were caught was assumed to be the day of last occurrence. To describe long-term changes in the timing of last occurrence we repeated the analysis of first occurrence with the same models with F t now being the date of last occurrence in year t for each species and mean summer instead of winter values for temperature and salinity.
Duration of presence
To investigate whether the length of the period in which the medusae were caught each year changed over time, model M4 from the previous analyses was repeated with F t now being the number of days between the first and last occurrence for each species.
Annual trends
To estimate trends and covariate effects over time, an index of annual abundance was calculated. First, seasonal occurrence of the various species was determined by estimating mean daily catch per month, for all years combined. These figures were used to identify the months of peak occurrence for the various species. Next, for each species, the total catch in these months was considered as an index of abundance in that year. To compensate for differences in sampling effort over the years we used the base 10 logarithm of the number of sampling days as an offset in all models. Initial data exploration indicated that the temporal patterns in the four species were all different; therefore the abundance data from the various species was not combined. Data were analysed using Generalized Linear Models (GLM).
As variances of the total catch per year were much higher than means we decided to use a negative binomial distribution. We hypothesised that the catch of each species was a function of the mean winter temperature of the area, mean winter salinity of the area and annual total-N input from Lake IJssel where
and t=1960,...,2010. For Rhizostoma octopus mean spring temperature and salinity was used because data exploration showed that this species appeared and peaked several months later than the other species. Because ordinary GLM models suffered from residual autocorrelation we used a residual auto-regressive process of order 1 (AR1) in the predictor (Czado and Kolbe, 2004):
Markov Chain Monte Carlo (MCMC) techniques were used in JAGS (Plummer, 2003) to estimate the parameters of the model. A burn-in of 150,000 iterations was used, with three chains and a thinning rate of 10. 9,000 iterations were used for the posterior distribution of each parameter. Diffuse normal priors were used for the regression parameters and a Half-Cauchy (25) prior was used for the parameter k in the variance of the negative binomial distribution (Zuur et al., 2013) . A Bayesian p-value was calculated to assess model fit; within each MCMC iteration data from a negative binomial distribution was simulated and was compared with the observed data.
Results
Environmental conditions
The environmental variables showed different temporal patterns ( Fig. 2. 2). Seawater temperature and salinity varied considerably over the years; temperature showed an increasing trend in contrast to salinity. Nutrient loadings of total-N showed increasing loadings until the beginning of the 1980s followed by a decrease.
Species composition
The scyphomedusae recorded were: the moon jellyfish Aurelia aurita L.; two Cyanea species (the lion's mane jellyfish Cyanea capillata L. and the blue jellyfish Cyanea lamarckii Péron and Lesueur); the compass jellyfish Chrysaora hysoscella L. and the barrel jellyfish Rhizostoma octopus L. From the records, it was unclear whether the two Cyanea species were always identified correctly to species level; therefore they were combined into one category, Cyanea spp. Not all species were caught each year.
Seasonal distribution showed differences over time as well as among species. All species showed clear seasonal patterns (Fig. 2.3) . 
Seasonal occurrence Caveats
Several years had to be excluded for each species because first-peak-or last appearance happened on the first or last day of fishing (see below and Fig. 2.4) . Peakand last occurrence of 1967 was excluded because the kom-fyke was removed in the summer due to beach replenishment activities in the area. In the year 2000 there was limited fishing after the summer, and the same records were excluded for this year as well.
The impact of the summer interruption is presented for the years 1982, 1983 and 2009. The same species were present in the kom-fyke catches and in the plankton net catches (Fig. 2.5) .
Jellyfish did not appear in the plankton net catches in the months before the fyke was operated (February and March in 1982 and January -March in 2009 ). There were also periods in which a species was caught in the kom-fyke, but not in the plankton nets, for example in Cyanea spp. after the summer interruption. Firstappearance and peak occurrence of Rhizostoma octopus was later in the kom-fyke catches than in the plankton net catches and was often either at the beginning or at the end of the summer interruption, when also highest densities were observed in the plankton net catches (Fig. 2.5) . Also, comments in the catch records from 1960-1971 suggest that the main species responsible for incidental clogging was Rhizostoma octopus. Because of these reasons, R. octopus was omitted from further analyses of first and peak occurrence. First appearance On average, the first species to appear in spring was Aurelia aurita (see Table 2 .1), followed by the Cyanea spp. and Chrysaora hysoscella. In 18 years A. aurita was the first species to appear and in 4 years did the first appearance of the A. aurita and Cyanea spp. coincide. Since A. aurita was often absent in years, Cyanea spp. was the first to appear in 26 years. C. hysoscella was the first species to appear in only 4 years. Plots of date of first appearance showed that over time all species appeared earlier ( Fig. 2.4) . The model results are presented in Table 2 .2. For Aurelia aurita model M1 had the lowest AICc value. This model had a significant (p <0.01) negative linear smoother for temperature, and a non-significant smoother for salinity. There was a significant (p <0.05) negative year effect. At the average winter salinity of 27.8 model M1 predicted a 6.8 day earlier appearance for each degree warmer winter temperature (Fig. 2.6 ). For Cyanea spp., there was a significant (p <0.01) negative year effect. Winter temperature and salinity were not significant in the other models. AICc differences of the models with environmental covariates were very small. In Chrysaora hysoscella there was a significant (p <0.05) year effect. None of the covariates in model M1, M2 and M3 were significant and as in Cyanea spp. there was little difference in AICc values of these models. 
Peak occurrence
In 25 years Aurelia aurita peaked first, in 16 years this was Cyanea spp. and in 7 years Chrysaora hysoscella. On average, A. aurita peaked on day 155, Cyanea on day 181 and C. hysoscella on day 200. The same models as for first appearance were fitted using the estimated day of peak occurrence ( Fig. 2.4 
Chrysaora hysoscella
Figure 2.6: Top: Julian day of first appearance and peak occurrence of Aurelia aurita in relation to mean winter temperature (models M2). Bottom: Julian day of peak occurrence and last occurrence of Chrysaora hysoscella (bottom) in relation to mean winter salinity (model M3) and mean summer temperature (model M2) respectively in the western Dutch Wadden Sea. The solid lines through the data are the predicted values for each temperature or salinity, the shaded area is the 95% confidence interval. M2 were equal, model M2 was selected as the best model as it was simpler and an ANOVA showed there was no significant difference between the two models (p = 0.15). Both models had a significant (p <0.05) negative linear effect of temperature, and M1 had a non-significant smoother for salinity. Model M2 predicted a 4.7 day earlier appearance for each degree warmer winter temperature (Fig. 2.6 ). For Cyanea spp. mean peak abundance was 73 ind day-1 (sd 116 ind day-1). Model M4 had the lowest AICc value. None of the covariates were significant in any of the models. For C. hysoscella, mean peak abundance was 45 ind day-1 (sd 71 ind day −1 ). Model M3 had the lowest AICc value. In model M1 and M3 there was a significant (p <0.01) negative salinity effect (Fig. 2.6 ). None of the other covariates in the models were significant. 
Last occurrence
The day of last occurrence was very variable in Aurelia aurita (Fig. 2.4 and Table  2 .1). In some years medusae were present after the summer as well, the latest in October. No significant relationships were found with year, temperature or salinity in any of the models (Table 2 .4). In Cyanea spp. last occurrence was also very variable and appeared to be centered around the summer gap in fishing. Again no significant relationships were found with year, temperature or salinity in any of the models.
Last occurrence in Chrysaora hysoscella appeared to shift to the end of the time series in the last two decades which was confirmed by a significant linear relationship between year and day number of last occurrence. Model M2 had the lowest AICc. In model M1 and M2 there was a highly significant positive effect of summer temperature. For every°C increase in summer temperature the model predicted a 29 days later last occurrence (Fig. 2.6) .
Rhizostoma octopus last occurrence was surprisingly constant near -but only in three years at-the last day of fishing. No significant relations were found with year, temperature or salinity in any of the models.
Duration
The length of the period between the first and last occurrence of medusae in the catches was very variable for all species (Fig. 2.7 and Table 2 .1). Aurelia aurita was on average present for 84 days, but frequently for less than 40 days pre-1980. Their presence increased from 1960 to about 1980, hereafter it remained constant and showed a slight decrease in recent times but this trend was not significant (p=0.093). Chrysaora hysoscella was present for 95 days on average with a significant (p<0.01) non-linear year effect: the period in which it was present increased until 2010 and is now around double as long as in the 1970s. Cyanea spp. was present for 100 days on average with a significant non-linear increase (p <0.01) over time, especially from 1960 to 1985. Model validation showed that residuals were homogeneous and normally distributed and the auto-correlation function showed that the residuals were not auto-correlated.
Aurelia aurita
Chrysaora hysoscella Cyanea spp. 1960 1970 1980 1990 2000 2010 1960 1970 1980 1990 2000 2010 1960 1970 1980 1990 2000 2010 year length of presence (days) Figure 2 .7: Length of period present (= number of days between the first-and last day of occurrence) between 1960 and 2010 for Aurelia aurita, Cyanea spp. and Chrysaora hysoscella. The solid line through the data is a LOESS smoother (LOESS span of 0.5). The shaded area is the 95% confidence interval of the smoother.
Annual trends
Patterns over time were irregular in all species, with no clear common pattern (see Fig. 2.3) . Aurelia aurita, Cyanea spp. and Chrysaora hysoscella were absent for a number of years predominantly in the 1960s and 1970s. The months with highest catches were May-July for A. aurita, Cyanea spp. and C. hysoscella, therefore total catch in these months was used for further analyses.
The abundance index of the various species showed differences in absolute order as well as in pattern over time (Fig. 2.8 For all species the model with the covariates mean winter temperature of the area, mean winter salinity and annual total-N input from Lake IJssel was run. Model results (Fig. 2.9 ) indicated that none of the regression parameters were significantly different from 0. The auto-correlation parameters ρ indicated that there was significant, large auto-correlation for Aurelia aurita, but not for the other species. Model validation showed that there were no residual patterns, except for minimal residual auto-correlation in the A. aurita model. Bayesian p-values showed that the models were a good fit to the data. and Chrysaora hysoscella in relation to mean temperature, salinity and total-N input from Lake IJssel. The figure shows the estimates and their 95% credible intervals. If the 95% credible interval covers the value of 0, a parameter is not significant. ρ determines the strength of the auto-correlation, σ is the dispersion parameter. The distribution of the species found is overlapping but not the same. Aurelia aurita is a member of a cosmopolitan genus which can be found from the tropics to the polar regions but consists of several cryptic species (Dawson and Jacobs, 2001) . A. aurita is considered a very common coastal and inshore species (Russell, 1970; Hay et al., 1990) . Cyanea capillata is a northern boreal species (Russell, 1970) but can be abundant in the southern North Sea as well. The distribution appears to be centered more offshore than that of C. lamarckii (Hay et al., 1990) . According to Russell (1970) C. lamarckii is a more southern species than C. capillata. It is an abundant species in the southern North Sea (Hay et al., 1990; Barz and Hirche, 2007) . Chrysaora hysoscella is a southern species of which the southern North Sea appears to be the northern distribution limit (Russell, 1970; Hay et al., 1990) . Rhizostoma octopus is a common species in western European waters which also appears to have a more southern distribution, although it is sometimes observed along the Scottish and Norwegian coast as well (Russell, 1970; Lilley et al., 2009 ).
Long-term trends
Any trend analysis should be cautiously undertaken as some key processes may not be operating during the pelagic stage of the life cycle (Lucas et al., 2012; Boero et al., 2008) and the distribution of the benthic polyps is for most species unknown.
Detailed observations along the Dutch coast (Verwey, 1942; van der Maaden, 1942) in the 1930s revealed clear patterns in seasonal occurrence of the scyphomedusae, with Aurelia aurita appearing from mid-May, Cyanea lamarckii from the end of May, C. capillata from the beginning of June, Chrysaora hysoscella in August and Rhizostoma octopus in September. These authors identified the Cyanea species based on colour only however, which is not a unique characteristic of either species (Holst and Laakmann, 2014) .
The medusae appearing in spring might not exclusively originate from ephyrae released a few months earlier, but could also be overwintering as R. octopus seems to do in the Irish and Celtic seas (Houghton et al., 2007) . Differences in timing between the species must be connected with the period of strobilation, which will be related to differences in life cycle, food conditions and temperature sensitivity (see for instance: Thein et al. (2013) ).
The general pattern in seasonal peak occurrence corresponds with that in the 1930s, but the timing of first appearance is significantly earlier for all species: Aurelia aurita beginning of April, Cyanea spp. mid-April, Chrysaora hysoscella late June and Rhizostoma octopus from mid-July. Peak occurrence has decreased significantly over time in A. aurita and Cyanea spp. only. For A. aurita there was a significant negative relationship between winter temperature and first appearance; medusae appear earlier in the catches when winters were milder, either by being released earlier or by faster growth. A similar relationship was found between temperature and day of peak catches of this species. Peak occurrence of C. hysoscella was negatively related to salinity. The last occurrence of medusae in the kom-fyke did not change over time and was not related to any environmental covariate, except in C. hysoscella where medusae are occurring almost a month (29 days) longer for each°C increase in summer temperature. Even though Aurelia aurita is occurring significantly earlier in the year, the length of the period in which it was present did not change over time. Cyanea spp. duration of presence doubled from 1960 until the 1980s after which it decreased slightly, then increasing again after 2000.
Relationship to climate change and eutrophication
The inverse relationship between winter temperature and date of first appearance and peak occurrence found for Aurelia aurita can be the result of several processes acting on the early life stages of the scyphomedusae. Firstly, strobilation could occur earlier. The mechanism of earlier strobilation at higher temperatures has been observed in cultured polyps of A. aurita from Taiwan (Liu et al., 2009 ) and in Aurelia labiata, a sibling species of A. aurita, from Washington, USA (Purcell, 2007) . Given the average temperature rise of the Wadden Sea by 1.5°C over the last 25 years (Van Aken, 2008b) , it might be expected that the various scyphomedusae will appear even earlier if temperatures continue to rise.
The second process that could contribute to earlier appearance would be increased growth rates. Growth rates will increase with increasing temperatures as long as the food supply can meet the increased demand and temperatures remain within the tolerance range of the species (cf. Freitas et al. (2007) ). During the period of eutrophication of the western Wadden Sea from 1973 to 1991, the copepod Temora longicornis showed a strong increase in spring (March-June) (Fransz et al., 1992) . Unfortunately there is no data available on possible changes in food availability in the Wadden Sea area in more recent years.
All species expanded their seasonal occurrence by a shift to an earlier first appearance over time, but Chrysaora hysoscella is also present significantly longer in relation to mean summer temperature. C. hysoscella is a southern species of warmer waters with the southern North Sea as its northern distribution limit (Russell, 1970) . In warmer summers the species might be able to survive longer in the area as temperatures stay within its tolerance range for an extended period. The negative relationship of timing of peak occurrence of C. hysoscella with mean winter salinity is difficult to explain. Salinity in the western Wadden Sea is influenced by freshwater input from rivers and coastal saline water input from the nearby North Sea (Van Aken, 2008a) . A higher mean winter salinity could mean increased input of coastal water containing ephyrae/small medusae from elsewhere but this remains speculation.
The observed change in phenology of jellyfish to an earlier appearance in the year has not occurred in the whole marine pelagic community: during the last decades the timing of the phytoplankton bloom has remained the same (Philippart et al., 2010) . However, it remains unclear to what extent this implies that decoupling of phenological relationships has occurred, since in contrast to the North Sea (Edwards and Richardson, 2004 ) time series of zooplankton and fish larvae in the area are lacking. The annual data that are available for a few years shows that the timing of the zooplankton bloom is relatively constant but the magnitude is highly variable (Fransz et al., 1992) . In the neighbouring North Sea, a stepwise change in phenology of a gelatinous zooplankton predator (Pleurobrachia pileus) to earlier appearance was observed, while the phenology of its food (calanoid copepods) showed no such change (Schlüter et al., 2010) . If the timing of the zooplankton bloom has remained the same in the Wadden Sea as well, earlier appearance of scyphomedusae could result in a mismatch between the abundance of predator and prey, as has been observed in other predator-prey relationships (Cushing, 1990) . However, this earlier arrival could also create new matches between abundance peaks of prey and scyphomedusa predators that were previously temporally separated. Earlier work showed that flatfish larvae that migrate in their pelagic stage into the Wadden Sea mostly arrive before the annual increase in gelatinous predator abundance (Van der Veer, 1985) . Earlier arrival of scyphomedusae would in this case mean increased predation risk on fish larvae.
Long-term trends in fish catches in the same kom-fyke during the same time period stresses the importance of environmental factors (Van der Veer et al., 2015) : the most important trend was a 10-fold decrease in total daily fish biomass from 1980 to the present of both pelagic and demersal species, whereby the most likely explanatory variables were thought to be habitat destruction in the coastal zone (sand dredging and beach nourishment, fishing) and large scale hydrodynamic circulation (the NAO winter index). The trend in fish catches did not correspond with the patterns observed in the various jellyfish species in this study.
With respect to annual trends in jellyfish abundance in the kom-fyke, different aspects play a role: the origin of the medusae (the location and distribution of the sessile polyps), long-term environmental changes in the western Wadden Sea in recent decades and the life stage were population regulation is operating. Differences in origins might imply different responses to the long-term changes in the western Wadden Sea. Over the last 25 years, there has been a gradual warming of the seawater (Van Aken, 2008b) and concomitant decline in salinity (Van Aken, 2008a) .
Experimental work has shown that scyphistomae production of Aurelia aurita, Cyanea lamarckii, and Chrysaora hysoscella increases with warmer winter temperatures due to a longer strobilation duration, higher number of strobila per polyp or higher percentage of polyps strobilating (Holst, 2012a) . When sufficient food is available, this should lead to increased number of medusae released. It is worthwhile to mention that the phenological response to environmental factors likely does not only differ between species, but also between populations adapted to different temperature regimes for example (Dawson et al., 2015a) .
Other environmental change in the area has been the eutrophication events that have affected the area, especially in the period 1970 to 1990. Riverine nutrient influx increased gradually from 1935 until 1988, after which it decreased again, although values are still much higher than pre-1935 (van Raaphorst and de Jonge, 2004) . Primary production doubled quickly in the 1970s, but decreased only slowly after the eutrophication decreased (Cadée and Cadée-Coenen, 2002) . The period with high jellyfish catches in the fyke (approximately 1978-1995) at least partly seems to match with the high eutrophication period. Both A. aurita and R. octopus catches decreased hereafter, though this is less clear in the latter because during summer -when R. octopus is most abundant-the kom-fyke is not operating as discussed above.
However, as none of the covariates in our models were significant, we could not confirm a relationship between eutrophication, water temperature or salinity and jellyfish catches in the kom-fyke. Variation in catches was very high, and this, combined with the need to add an autocorrelation structure to the model makes quantitative analysis of the data difficult. The significant temporal autocorrelation of the abundance of A. aurita and R. octopus (catch of jellyfish in one year is related to that in the previous year) might imply that density-dependent factors are operating, via the perennial, benthic phase of the life cycle.
To really understand the mechanisms underlying changes in phenology and abundance, detailed studies on benthic stages are essential. In line with Hosia et al. (2014) , this study illustrates the importance of long-term datasets of gelatinous zooplankton in investigating possible drivers for changes in abundance and seasonal patterns. It also shows however that there are limits studying the pelagic medusa stage alone.
